Introduction
Glutamate is the major excitatory neurotransmitter in vertebrate central nervous systems (CNS) and is bound by several receptor types, including the NMDA-type of ligand gated receptor. Features of the NMDA-type receptor include the ability to gate calcium, the requirement for glycine as a co-agonist, and the existence of a voltage-dependent magnesium block. The NMDA receptor appears to play a significant role in the organization of synaptic networks during development, in the mediation of certain forms of synaptic plasticity such as long-term potentiation, and in the regulation of excitotoxicity. 1, 2 The NMDA-type receptor is of interest in schizophrenia due to its role in synaptic formation and in CNS plasticity. 3 Additionally, the receptor includes a specific and noncompetitive binding site for phencyclidine (PCP), a psychotomimetic. The behavioral changes induced by PCP mimic those observed in schizophrenic patients, including both positive as well as negative symptoms. In addition, schizophrenia-like cognitive and neuropsychological deficits may be induced (eg, PCP inhibits spatial learning in rats and paired associative learning in monkeys). 4 Certain classes of NMDA-blocking drugs, designed for the treatment of NMDA-mediated neurotoxicity following stroke or prolonged seizures, induce psychosis. 5 Subclinical doses of ketamine, an anesthetic agent, have been demonstrated to produce psychosis in normal subjects and to exacerbate symptoms in psychiatric patients. 6 The stoichiometry of the native NMDA receptor is not certain, although recent data suggest that the complex is a tetramer with two NR1 subunits and any two of four known NR2 subunits (NR2A, B, C, or D) 3 which function to modulate channel activity. A third family of NR subunits, NR3, has been reported. 7 The NR3 sub-unit appears to have inhibitory properties and may be expressed during development. 7 Functional receptor diversity is further enhanced by the existence of eight splice variants for NR1, created by the alternative use of one exon in the N-terminal domain (N1 cassette) and two exons in the C-terminal domain (C1 and C2 cassettes). 8 Our laboratory is systematically investigating the potential role of the NMDA receptor in schizophrenia through direct examination of each of the subunit genes in a cohort of patients in search of causative mutations. This paper reports findings in our examination of all 22 exons and portions of the 5Ј and 3ЈUTRs of the NMDAR1 subunit gene. Recently, mice expressing only 5% of normal levels of NMDAR1 have been generated and observed to display behavioral abnormalities, including decreased social and sexual interactions as well as increased motor activity and stereotypic actions, that are ameliorated by neuroleptic treatment. 9 
Materials and methods

Patient samples
All schizophrenic patients met disease criteria as defined by the Diagnostic and Statistical Manual, Third Edition, Revised (DSM-III-R), as described previously. 10 The majority of patients were ascertained through state mental institutions in Minnesota, Washington, and Oregon. A set of 96 individuals were screened for sequence changes in all gene regions of interest, with an additional 18 screened in only the putative promoter and 5ЈUTR. The distribution of the screened patients by race and gender is shown in Table 1 . Once sequence changes were identified in the screened samples, additional schizophrenic patients were scored for the presence of the identified change. The distribution of the scored patients by race and gender is shown in Table 2 .
The control pool, as described elsewhere 10, 11 consists of individuals aged 45 and above who were ascertained as community medicine patients at the Mayo Clinic and who were representative of the county population in terms of ethnic background. Each individual completed a brief screening questionnaire on personal and family history of psychiatric illness. Medical history Male  69  28  2  6  106  Female  18  4  0  1  23  Total  87  32  2  8  129 a Not all of the additional patients were scored for every sequence change. The exact numbers scored for each sequence change are listed in Table 4 .
data were available from the Medical Index (MI). The MI is a longstanding Mayo Clinic resource that was developed as part of the Rochester Epidemiology Project. 12 Briefly, after each patient visit to the Clinic, the physician is required to enter all diagnoses on a Master Sheet. These diagnoses are then codified by a team of medical nosologists and entered into the MI. Extensive medical records are available for each of the individuals included in the control DNA bank. These extensive records exist because: (a) the Mayo Clinic represents the largest provider of medical care for the surrounding Olmsted county residents; (b) the county population is stable and, consequently, individuals often have lifetime medical records available; and (c) the Mayo Clinic maintains a central medical record on each patient that includes findings from all physician office visits (including psychiatry/psychology); hospitalizations; emergency room visits; prescription drug data; and all pathology, radiology, and other laboratory tests. In reference to psychiatric services, the Mayo Clinic represents the largest source of psychiatric care in the community and maintains the only acute care psychiatric hospital beds in and beyond the county boundaries. Evidence of psychotic illness, including affective psychosis, brief reactive psychosis, druginduced psychosis, and the like can be readily retrieved from the MI or the actual medical records and individuals with evidence of psychotic disorder, or other major psychiatric disorder (eg, major depressive episode), use of prescription drugs such as antipsychotics, antidepressants, antimania, or other major psychoactive drugs can be excluded.
Gene screening and genotype scoring
Regions of interest included all 22 exons and flanking intronic sequences; 1518 bp of the 5ЈUTR; and 64 bp of the 3ЈUTR. The size of the 5Ј and 3ЈUTR fragments reflected the number of basepairs available in GenBank at the commencement of the project.
Nomenclature The nomenclature used herein for nucleotide numbering corresponds to sequences contained in GenBank. Accession number Z32772 includes the 5ЈUTR through the 5Ј portion of intron 2; Z32773 includes the 3Ј portion of intron 2 through the 5Јportion of intron 5; and Z32774 includes the 3Јpor-tion of intron 5 through the 3ЈUTR. Based on these sequences, the alternatively spliced cassettes correspond to exons 4 (N1), 20 (C1) and 21 (C2). The GenBank protein accession file NP 000823 was the basis for amino acid numbering; however, as this file does not include the 21 amino acids of the alternatively spliced exon 4, all codon numbers beyond 190 (the last codon of exon 3) have been increased by 21. This numbering system was used so that the full genomic coding sequence would be represented in the protein translation. Cycling conditions in these assays were an initial denaturation at 95°C for 3 min followed by 10 cycles of denaturation at 95°C for 15 s, annealing at 57-60°C for 30 s and elongation at 72°C for 3 min, then 20 cycles of denaturation at 95°C for 20 s, annealing at 57-60°C for 30 s and elongation at 72°C for 3 min. There was an incremental time increase of 20 s/cycle in the elongation step. A final extension step at 72°C for 7 min was performed.
DNA amplification
Nested PCR was utilized to further increase the specificity of PCR products. For some regions, the first round PCR generated fragments between 1.8 and 2.5 kb, with the subsequent nested PCR generating final fragment sizes between 300-500 bp. In a few regions, the first round PCR included spurious amplification products, so a nested PCR was performed to generate a clean fragment just slightly smaller than the initial product. The template for all nested amplifications was a 5-to 10-fold diluted product from the first round PCR. Conditions for the nested amplifications were as described above for the assays using Taq polymerase. All oligonucleotide primer sequences for first round and nested amplification are available upon request. Bi-ddF is an extension of ddF that allows both the downstream and upstream sequences to be examined simultaneously. In the sequencing component of biddF, both the downstream and upstream sequencing are included in a single reaction tube, with one dideoxynucleotide. The reaction product is run in a single lane during the electrophoresis. As with ddF, mutations result in extra, diminished/missing, or shifted bands that may be detected in either orientation. For example, in a bi-ddF performed with ddA, a G→A polymorphism could be detected as an added band in the downstream orientation while a G→T change could be detected in the upstream orientation as an added band (C→A). By conducting a second sequencing reaction using a different dideoxynucleotide with both downstream and upstream primers and electrophoresing the product in a single lane, all possible sequence changes theoretically can be detected. 13 Using the above example of a G→A polymorphism, a second sequencing reaction using ddC could be detected by a diminished band in the upstream orientation (C→T). The conditions for the bi-ddF assays were identical to those utilized in unidirectional ddF except that both the downstream and upstream primers were added to the cycling mixture.
ddF was utilized in most gene regions, with the exception of the 5ЈUTR, exons 10-11, and exons 18-21b, in which the DNA was examined by bi-ddF. Extensive analyses have demonstrated that ddF and biddF detect virtually 100% of mutations with high specificity. [14] [15] [16] [17] For either ddF or bi-ddF, PCR products were pretreated with 10 U exonuclease I and 2 U shrimp alkaline phosphatase and incubated at 37°C for 15 min followed by a termination step of 80°C for 15 min. A total of 50-500 ng of the treated product was used in conjunction with the Thermosequenase Radiolabled Terminator Cycle Sequencing kit (Amersham, Arlington Heights, IL, USA) according to manufacturer's specifications to generate one of the four standard dideoxy sequencing reaction products. Cycling conditions were denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and an extension step of 60°C for 7 min. Deoxyinositol triphosphate (dITP) was substituted for the guanine triphospate (dGTP) when the G+C content was greater than 50%. Reactions were terminated by the addition of 4 l of the proprietary stop solution and denatured at 95°C for 5 min. Samples were transferred to ice for 5 min prior to loading.
Initially, prior to the availability of the Thermosequenase kit with radiolabeled terminators, end-labeled primers were used in standard cycle sequencing reactions in a total volume of 8 l, with 50 mM Tris-HCl, 50 mM KCl (pH 8.8), 10 M of each dNTP, one ddNTP (either ddATP (400 M), ddTTP (600 M), ddGTP (60 M), or ddCTP (200 M), 100 ng of the amplified DNA, and 0.003-0.006 pmol end-labeled sequencing primer. For regions with Ͼ55% G+C content, the concentrations of ddGTP and ddCTP were reduced to 50%, 5-10% dimethyl sulfoxide was added, and 7-deaza-2Ј-deoxy-GTP was used to minimize compression. Sequencing primers were end-labelled with ␥ 32 P dATP or ␥ 33 P dATP by T4 polynucleotide kinase at 37°C for 30 min and heated at 65°C for 5 min to stop the reaction. The ddF PCR cycling conditions were denaturation at 95°C for 20 s, annealing at 60°C for 30 s and elongation at 72°C for 1 min for a total of 30 cycles. Reactions were terminated by heating for 3 min with 7 l of stop/loading buffer (7 M urea, 50% deionized formamide, 2 mM EDTA, 7.5% xylenecyanol, and 7.5% bromophenol blue), and the samples were chilled on ice for 5 min. For regions of high G+C content (Ͼ60%), the Thermosequenase kit provided better results than the standard cycle sequencing protocol. Subsequently, the kit was utilized regardless of template sequence because consistently better products were achieved.
A total of 1.5-2.5 l of the cycle sequencing products were loaded on a 0.5× MDE (FMC BioProducts, Rockland, ME, USA) gel with 0-2.0 M urea. Electrophoresis was performed at 27 W for 4-7 h at 12°C. The gels were transferred to Whatman blotting filter paper, dried and exposed to X-ray film.
The utilization of either ddF or bi-ddF in the present study was dictated primarily by the G+C content of the target sequence and by technician skill in interpreting the often complex bi-ddF patterns. The techniques are of similar high sensitivity even for fragments as large as 600 basepairs. 13, 14 If a complex pattern resulted from the bi-ddF due to several different sequence changes in the region, lanes with similar patterns were grouped and representative samples were directly sequenced to determine the exact polymorphism(s). Similarly, in the ddFs, samples with unusual fingerprints were manually sequenced to locate the exact change.
Sequencing As noted, samples with variant banding patterns were re-amplified from a new aliquot of genomic DNA by PCR and were analyzed by cycle sequencing in both the sense and antisense orientations using the Amersham Thermosequenase Radiolabeled Terminator Cycle Sequencing kit according to manufacturer's specifications. Once sequence changes were verified, additional patient samples were scored for genotype. The scoring was done by abbreviated cycle sequencing (two dideoxynucleotides only) as described above.
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Data analysis
Assessment of likely functional significance Sequence changes were examined in the context of the flanking sequence to determine if functional consequences of the changes were likely (eg, creation of cryptic splice sites, obliteration of normal splice junction, alteration of consensus sequence for transcription factor binding). In the examination of sequence in the 5ЈUTR, multiple analyses with public domain software were conducted, including MatInspector Version 2. 
; and K = the number of observed SNPs among L basepairs of genomic sequence in a sample of n alleles.
Results
Approximately 650 kb of genomic sequence was screened for novel sequence changes in a core sample of 96 patients (ෂ6.6 kb/individual) ( Table 1 ). All exons, including at least 50 bp of 5Ј and 3Ј flanking intronic sequence, as well as approximately 1.5 kb of the 5Ј untranslated region and 64 bp of the 3ЈUTR were screened initially in both the sense and antisense orientations (ෂ1.3 megabases total). In the 5ЈUTR, an additional 18 schizophrenic patients were screened and the initial 96 patients were rescreened following the report of a mouse model of schizophrenia with markedly reduced NR1 expression (5-10% of normal) for a total of 114 subjects screened in this region (Table 1) . Variants in ddF or bi-ddF pattern were sequenced in both directions to identify the change. To confirm the changes, DNA from individuals with the variant were reamplified from stock supplies and resequenced in both orientations to confirm the findings.
Once sequence changes were identified, additional patient samples were scored for the presence of the change to increase the sample size for estimation of allele frequency (Table 2) . In several circumstances, the scoring assay resulted in the detection of additional novel sequence changes. All sequence changes, including those first found during scoring, are included in Tables 3 and 4 .
In the combined analysis (initial screening as well as scoring assays), a total of 28 different sequence changes were identified (Tables 3 and 4 ). These included eight single nucleotide polymorphisms (SNPs) in the 5ЈUTR, five novel and one previously observed SNPs in coding regions (cSNPs), eleven novel intronic SNPs, two intronic deletions of 7 and 30 bp, and a novel intronic microinsertion/deletion (Tables 3 and 4 ). The frequency of changes across all examined regions was 1/236, with a nucleotide diversity of 7.3 × 10 (± 2.1 SD). 21 Six (21.4%) of the 28 total changes occurred in coding regions, which comprised about half (44.5%) of the examined nucleotides (ෂ2940 bp coding/6605 bp total for each of 96 subjects or 282.2 kb/634.1 kb). The observed frequency of cSNPs per basepair in coding regions was 1/490 and the nucleotide diversity was 3.5 × 10 −4 (± 1.6). As expected, the majority (78.6%) of sequence changes occurred among nucleotides in non-coding regions (55.5% of the total bp examined). The frequency of changes in noncoding regions was 1/167 bp if all changes, including deletions and insertions, were considered. The corresponding nucleotide diversity was 10.3 × 10 −4 (± 3.1). If only single nucleotide changes are included, the frequency of SNPs per basepair in non-coding regions was 1/193 and the nucleotide diversity was 8.9 × 10 −4 (± 2.8).
Coding region changes Six cSNPs were found, including one in exon 6 that had been identified previously 6 (Table 4 ). All six changes involved alteration of the third basepair in the codon and resulted only in synonymous changes. Exons 3, 6, 7, and 16 each contained one synonymous change, while exon 17 contained two consecutive synonymous changes. Two of the six cSNPs (exon 6 (P284P); exon 7 (V306V) were common among Caucasians (28.6% and 29.1%, respectively) and also were observed among African Americans (5.9% and 5.6%, respectively). Although the sample sizes were quite limited, neither the exon 6 nor the exon 7 cSNP was observed among Asians, while each had a frequency of 25% among the small number of Native Americans analyzed (n = 6). Further, in the three racial groups in which the exon 6 and exon 7 cSNPs were seen, the polymorphisms were in linkage disequilibrium, along with an intron 7 SNP (see below).
Exon 17 synonymous cSNPs (V768V; T769T) were observed only in African Americans (5.6% each), as was an exon 3 silent change (A175A) (1.6%). Lastly, a rare synonymous cSNP in exon 16 (D711D) was observed only among Caucasians (0.5%).
Non-coding region changes Non-coding regions examined per each of 96 subjects included approximately 2100 bp of intronic flanking sequence (ෂ201.6 kb); 1500 bp (ෂ171 kb) of 5ЈUTR sequence (n = 114 subjects), and 65 bp (6.24 kb) of 3ЈUTR sequence. Eleven SNPs were identified in intronic regions (Table 4) . Of these, seven were observed in at least 1% of the ethnic group in which identified, while the remaining four changes were found in frequencies below 1% and are designated as rare variants. Excluding these rare variants, the most frequent SNP observed was in intron 10 (G6435A), with a minor allele frequency of nearly one-fourth among Caucasians, 6.7% among African Americans, and 20.0% among the small Native American sample (n = 5). As noted earlier, this change appeared to be in linkage disequilibrium with the exon 6 and exon 7 synonymous cSNPs. As with these cSNPs, the intron 10 minor allele was not observed among the small sample of Asians (n = 5). The next most commonly observed intronic SNP was in intron 2 (A290G), with frequencies of 7.0% among Caucasians, 6.5% among African Americans, 7.1% among Asians, and 7.7% among Native Americans. With the exception of one change in intron 11 (A6608G) which was observed in Caucasians (7.0%) as well as in African Americans (3.3%), the remainder of the SNPs with frequencies of at least 1% were observed only in one racial group. All of the rare variants (Ͻ1% frequency) were observed only in Caucasians where the sample size was sufficient for the detection of low prevalence alleles. A core sample of 71 Caucasians, 15 African American, five Asian, and five Native American (n = 96) schizophrenic patients had ddF or bi-ddF screening for polymorphism discovery in all gene regions, and an additional 15 Caucasians, one African American, and two Native Americans (n = 18) had bi-ddF screening in the 5Ј UTR only (Table 1) . Once sequence changes were identified, samples from additional patients were scored for the presence of the changes. During the scoring, some additional novel sequence changes were identified in the scored sample. Estimates of minor allele frequency are presented for the screened sample, the scored sample, and the total sample.
In addition to the single nucleotide changes, two rare deletions and one presumed deletion/insertion event occurred in intronic regions (Table 4 ). The observed deletions were of 30 basepairs in intron 7 (0.4% among Caucasians) and of seven basepairs in intron 12 (0.4% among Caucasians). In intron 10, a cysteine nucleotide was replaced by four nucleotides (GTAA) (3.3% among African Americans).
Among the 166.5 kb of examined 5ЈUTR sequence, including the putative proximal promoter, eight SNPs were identified (Table 4 ). Two were rare variants (C112T; A1289G) observed only among Caucasians (0.6% each). Of the six SNPs with frequencies of at least 1%, the most commonly observed was C113T, with minor allele frequencies of 29.1% among Caucasians, 6.3% among African Americans, and 21.4% among Native Americans. The next most common SNP was G1001C, with minor allele frequencies of 12.2% among Caucasians, 6.3% among African Americans, 20.0% among Asians, and 14.3% among Native Americans. Of the remaining SNPs with frequencies of at least 1%, one (G716A) was found only among Asians (10.0%), two (C319G; T1135G) were found only among
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African Americans (3.1% each), and one (A750G) was observed only in Caucasians (1.2%).
In the 3ЈUTR, only 6.24 kb of sequence were examined. No sequence changes were identified.
Discussion
Examination of the entire coding region, flanking intronic sequence, and both 5Ј and 3Ј UTR sequence of the NR1 gene among approximately 100 schizophrenic patients failed to reveal sequence changes of likely functional significance. In coding regions, six single nucleotide polymorphisms were identified, but all resulted in synonymous substitutions. Based on nucleotide composition and codon position, none appeared likely to create cryptic splice sites or to disrupt splicing enhancer or repressor motifs. [23] [24] [25] [26] [27] The identified synonymous cSNPs occurred in exons 3, 6, 7, 16, and 17, none of which is alternatively spliced. Further, none of the nucleotide changes appear to create either better splice donor or acceptor consensus sequences, based on a visual examination of linear DNA sequence con-text. The majority of NR1 splice junctions adhere to the GT-AG rule.
In screening for sequence alterations in flanking intronic regions, oligonucleotide primer sets were designed so that 50-100 bp of both 5Ј and 3Ј sequence, including the splice donor and acceptor sites as well as putative branch site consensus sequences, were examined.
In intron 10, a presumed microdeletion/insertion was found in an AfricanAmerican male patient. A cysteine nucleotide appeared to have been deleted and four bases, GTAA, were inserted. Alternatively, a C→G transversion may have occurred as well as a three nucleotide insertion. However, as no other individuals were found to have only a C→G transversion among any of the examined racial groups, an insertion/deletion event may be the more likely explanation. The sequence alteration appeared to create a stronger consensus sequence for selection of the lariat branch site during pre-mRNA processing (described in Hammond et al, in preparation). However, the change did not correlate with disease status and thus is unlikely to be a deleterious change related to the schizophrenia phenotype (Hammond et al, in preparation).
5ЈUTR
The human NMDAR1 promoter has not yet been functionally characterized. As reviewed by Myers and colleagues, the promoter region appears to have characteristics in common with other glutamate receptors (eg, GluR1, GluR2, KA2, NR2B, NR2C), including lack of TATA and CAAT boxes and neural specific expression.
28 NMDAR1 is ubiquitously expressed in all brain regions and throughout early development and adult life. A search for sequence alterations in the 1.5-kb region upstream of the translation initiation site in 114 schizophrenic patients revealed eight single nucleotide changes. All but two were of low frequency. The C113T transition had a minor allele frequency of nearly 30% among Caucasians, 21.4% among Native Americans, and 6.3% among African Americans. The change was not observed among the ten Asian alleles that were examined. It should be noted that a thymine nucleotide at position 113 is reported as wildtype in GenBank Z32772, but, based on our findings, this represents the minor allele. All ethnic groups had the G1001C transversion, with minor allele frequencies of 12.2% among Caucasians, 6.3% among African Americans, 20% among Asians and 14.3% among Native Americans. The G1001C change appeared to alter the +1 G of the transcription factor NF Kappa B50 consensus sequence (GGGG) based on analyses performed with MatInspector Version 2.2. 18 However, further analyses with GeneExpress did not predict a binding site at this sequence. 19 Thus, it was reasoned that this alteration, especially given the relatively high frequencies of the minor allele, was not likely to functionally alter gene expression.
A rare variant, C112T, was identified in one Caucasian patient (0.6%) who was also homozygous for the C113T variant. As assessed through the MatInspector Version 2.2 software, the C112T change falls at position +4 of the consensus sequence for a putative AP1 binding site (TGAC). Taken together, these changes also potentially could disrupt two nucleotides in the consensus binding sites for CREBP1cJUN (ACCT) (MatInspector Version 2.2) as well as for COUP TF (TGACCT) (GeneExpress). 19 DNA samples and psychiatric diagnostic data were available for nearly 20 family members of this individual, including a full sibling with a diagnosis of schizoaffective disorder. However, based on the finding that this sibling was homozygous for the wildtype C112 allele and that the variant T113 allele has a frequency of nearly 30% of Caucasians, these sequence alterations do not appear to be related to the schizophrenia phenotype.
Nucleotide diversity Estimates of the nucleotide diversity and standard deviations (Table 3) for the NMDAR1 gene were calculated by the same methods as utilized by Halushka and others. 22 Halushka examined 75 genes related to blood pressure homeostasis in 80 African American chromosomes and 68 northern European chromosomes derived from a group of individuals with a range of blood pressure phenotypes. High density variant detection arrays were utilized to identify single nucleotide changes. In the coding regions, nucleotide diversity was estimated as 8.0 × 10 −4 (± 1.9), but ranged from a high of 15.1 × 10
(± 3.6) for synonymous changes to a low of 5.7 × 10 −4
(± 1.4) for non-synonymous changes. Non-coding regions had an overall estimated nucleotide diversity of 8.5 × 10 −4 (± 2.0). When divided into specific regions, the estimate for intronic regions was the highest (10.5 × 10 −4 (± 2.6)), followed by that for the 3ЈUTR (8.4 × 10 −4 (± 2.0)) and then the 5ЈUTR (6.8 × 10
−4
(± 1.7)). Cargill and colleagues examined 106 genes of cardiovascular, endocrine, or neuropsychiatric relevance in a sample of 114 alleles from normal individuals of mixed European, African American, African Pygmy, or Asian descent. 29 Sequence changes were identified independently by either variant detector arrays or denaturing high performance liquid chromatography (DHPLC). All initially identified SNPs were confirmed by sequencing. Nucleotide diversities of 5.43 × 10 −4 (± 1.36) for coding regions and a similar frequency of 5.30 × 10 −4 (± 1.33) for non-coding regions were estimated. In comparing their data, both Cargill and Halushka noted that their results were in overall agreement, especially when estimates of nucleotide diversities among genes derived from northern European descent were compared. 22, 29 In examination of the NMDAR1 gene, the highly sensitive techniques of ddF and biddF 13, 15 were utilized, followed by direct sequencing of samples with aberrant patterns. All mutation types, including insertions and deletions, were detectable. When all types of sequence changes were included in the calculation of nucleotide diversity, the estimate for non-coding regions was 10.3 × 10 −4 (± 3.1) as compared to 8.9 × 10 −4
(± 2.8) when only single nucleotide polymorphisms were included (Table 3) . Considering only the SNPs and not other types of sequence change (Table 3, row 2), the overall nucleotide diversity estimate of 8.9 × 10 −4 (± 2.8) for non-coding regions is comparable to that reported by Halushka (8.5 × 10 −4 (± 2.0)) for 75 genes. 22 Within the non-coding sequence, the nucleotide diversity in intronic regions was 9.0 × 10 −4 (± 3.3) for NMDAR1 as compared to the Halushka estimate of 10.5 × 10 −4 (± 2.6). In the 5ЈUTR, an estimated nucleotide diversity of 8.9 × 10 −4 (± 3.7) was calculated with the NMDAR1 SNP data alone, which again is equivalent to that estimated by Halushka (6.8 × 10 −4 (± 1.7)). Estimates of nucleotide diversity in the 3ЈUTR also were calculated by Halushka, but since only a small region of 3ЈUTR sequence was examined in the present study with no changes identified, reasonable comparisons can not be made.
Nickerson examined approximately 10 kb of the lipoprotein lipase (LPL) gene through direct sequencing in 142 alleles from normal individuals representing Caucasian, African-American, and Finnish ancestry and reported a nucleotide diversity of 5.0 × 10 −4 (± 5.0) for coding regions and as high as 21 × 10 −4 (± 10) for non-coding regions. 30 The LPL gene contains several regions of interspersed repeats (eg, ALU, L1, and simple repeats) and nucleotide diversity was highest among these regions (32 × 10 −4 (± 18)). By utilizing direct sequencing as the method of polymorphism discovery, changes of all types could be identified. Of the nine insertions or deletions identified in the LPL gene, eight were in regions of repeat DNA. (± 1.9)) being the highest. These estimates are for all races combined; perhaps the data would correlate even more closely if race-specific figures were compared. However, due to the limited number of non-Caucasian alleles in our sample, robust estimates can not be derived. Overall, these estimates of nucleotide diversity in coding regions are not widely divergent.
For non-coding regions and all types of sequence changes, the Nickerson estimate was 21 × 10 −4 (± 10.0) compared to our estimate of 10.3 × 10 −4 (± 3.1) ( Table 3 , row 1). The difference in estimates most likely is a reflection of the increased rate of polymorphism in the repeated sequences in the LPL gene and the fact that Nickerson sequenced complete intronic regions while the present work included only flanking regions containing important regulatory sequences (eg, splice junctions and branch site consensus sequences). Additionally, given the large reported standard deviation (± 10.0) for the Nickerson point estimate of nucleotide diversity, the confidence intervals around their estimate and ours do overlap, signifying a lack of statistically significant differences. The lower estimates of nucleotide diversity in non-coding regions by Halushka (8.5 × 10 −4 (± 2.0)) and by Cargill (5.3 × 10 −4
(± 1.3)) include only single nucleotide polymorphisms.
Other variables, such as differences in the racial substructure of the sample set studied, differences in the distribution of SNPs between genes 29 and the power to Molecular Psychiatry detect changes given the sample size, may influence observed differences in nucleotide diversity estimates between studies.
Lack of support for disease association The estimates of nucleotide diversity observed for the NMDAR1 gene in our sample of western Europeans, African Americans, Asians, and Native Americans are roughly comparable to those calculated in other, often more extensive, analyses. Based on these data, along with the reported sensitivities of ddF and bi-ddF, 14-17 a comprehensive screening of all coding regions, flanking intronic regions, 5ЈUTR, and a small portion of the 3ЈUTR has been performed among a group of chronically ill schizophrenic subjects. No sequence changes of likely functional significance, such as missense substitutions in highly conserved residues or nonsense, frameshift, or splice junction changes, were observed.
In a screening of approximately 1.5 kb upstream of the start of translation, several sequence changes that may interrupt consensus binding sites for transcription factors were identified, but these data are speculative and the results of analyses with different site recognition software tools (eg, GeneExpress, MatInspector) varied. Furthermore, a two basepair change in a four basepair recognition site for COUP transcription factor, identified in one schizophrenic individual, was not observed in a schizoaffective full sibling.
Polymorphisms identified in the schizophrenic subjects of western European descent (ie, the subjects designated as Caucasian) also were observed in control samples. These controls, as described in Materials and Methods, were unaffected, unrelated individuals of western European descent who were used only for scoring of sequence variations identified in the polymorphism discovery screening of cases.
Both because only polymorphisms not likely to be of functional significance (eg, no missense changes, no nonsense changes, no frameshift mutations, no disruption of likely promoter elements) were identified in the NMDAR1 gene among our schizophrenic patients and because, among the Caucasian subjects, these same changes were observed in unrelated, unaffected controls of similar ethnicity, we conclude that the observed polymorphisms are unlikely to be associated with increased risk of schizophrenia. However, the rare variants identified in the patients were not searched for in the controls, nor were the polymorphisms that were identified in only the minority samples (African American, Native American, and Asian) as a sufficient number of control subjects of similar ethnicity were not available.
Although it seems unlikely that any of the sequence variants identified in our examination of NMDAR1 is associated with a significantly increased risk of schizophrenia, we cannot rule out the possibility that a particular variant is associated with disease in only one family. Additional affected and unaffected family members would be required to address that possibility.
Because our findings do not support an association between genomic changes in the NMDAR1 gene and schizophrenia, in this context, the observed nucleotide diversities should provide unbiased estimates with regard to the affectation status of the study subjects.
